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PERFORMANCE CHARACTERISTICS OF A SINGLE-ENGINE FIGHTER 
MODEL FITTED WITH AN IN-FLIGHT THRUST REVERSER 
By Donald L. Maiden and Charles E. Mercer 
Langley Research Center 
SUMMARY 
A wind-tunnel investigation has been conducted in  the Langley 16-foot transonic 
tunnel on a 1/7.5-scale, powered, single-engine fighter-airplane model retrofitted with 
an in-flight thrust control unit (TCU). The purpose of the investigation was to determine 
the changes in propulsion performance characteristics as well as changes in  stability and 
control attributed to the installation of the TCU. This report presents the results of the 
performance analysis only. The investigation was conducted statically and through a 
Mach number range of 0.23 to 1.30 at angles of attack from -3O to 12O. The primary- 
nozzle jet-total-pressure ratio was varied from 1.0 (jet off) to approximately 5. The 
model wings were configured. for the cruise and the landing-approach conditions. Several 
exhaust-deflector-door configurations and six progressive blocker-door positions from 
stowed to fully deployed conditions were tested. 
The results of the investigation indicate that the drag penalty attributed to  the TCU 
modification in the stowed position was small; that with the modification, forward take- 
off thrust performance can be increased by 4 percent for military power with the upper 
deflector doors set  at 32.5' and the lower at 52.5O but is reduced by 1.3 percent for after- 
burning power with both upper and lower deflector doors set at 43.5'; that a maximum 
reverse thrust of 52-percent forward thrust was produced by the selected TCU configura- 
tion at static conditions and that reverse-thrust effectiveness increased with an increase 
in Mach number; that engine-operating characteristics should be only slightly degraded, 
but secondary cooling air during reverse-thrust operation may have to be supplemented; 
and that maximum local temperatures (70 percent of primary-nozzle- jet total tempera- 
ture) appear to occur at 90-percent blocker-door closure for the selected TCU 
configuration. 
INTRODUCTION 
The concept of a fully modulating thrust reverser  for in-flight thrust control on jet- 
powered fighter airplanes has been investigated periodically for about 20 years. During 
this time, the complexity of the hardware, adverse stability and control influences, and 
\ 
engine-operating limitations have made the use of in-flight thrust reversers  impractical. 
(See refs. 1 to 8.) However, continued increases in the thrust-to-weight ratio of modern 
air-superiority fighters, combined with advances in thrust-reverser technology, have 
renewed interest in the use of in-flight thrust reversers.  (See refs. 9 and 10.) With the 
apparent success of the Saab-37 Viggen, which incorporates a thrust reverser  with both 
blocker and deflector doors, the feasibility of thrust-reverser operation for STOL cap- 
abilities for a fighter airplane has been demonstrated. (See refs. 11 to 13.) The antici- 
pated operational improvements for tactical aircraft  which may be achieved by use of 
thrust modulation have resulted in a program for the development of an in-flight thrust 
reverser  for tactical or  attack aircraft. As part  of this program, an investigation has 
been conducted in the Langley 16-foot transonic tunnel on a thrust control unit (TCU) with 
blocker and deflector doors retrofitted to an existing single-engine fighter model. (See 
ref. 3.) The investigation was conducted statically and through a Mach number range of 
0.23 to 1.30 at angles of attack from -3O to 12O.  A hydrogen peroxide gas generator was 
used to provide hot exhaust gas, and the primary-nozzle-jet total-pressure ratio was 
varied from 1.0 (jet off) to approximately 5. 
The purpose of this investigation was to determine the influence of the TCU on per- 
formance, stability, and control of a single-engine fighter airplane. This report presents 
the performance results of the investigation and the effects of the thrust reverser on local 
surface temperatures and pressures. 
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SYMBOLS AND ABBREVIATIONS 
Symbols 
area, meters 2 
aspect ratio 
fuselage-tail drag coefficient, D/qS 
F - D  thrust- minus -drag coefficient, 
qs 
PI - pa3 pressure coefficient, 
q 
base pressure coefficient, Pb - Pea 
q 
local fuselage pressure coefficient, Pf - p, 
q 
wing chord, meters 
root wing chord, meters 
tip wing chord, meters 
fuselage-tail aerodynamic drag, newtons 
diameter, meters 
jet (gross) thrust, positive toward nose, newtons 
Y -  1 
1 - (zT, newtons 
free-stream Mach number 
primary-nozzle-jet mass-flow rate, kg/sec 
secondary-cooling-air mass-flow rate, kg/sec 
ambient pressure,  N/m2 
base pressure,  N/m2 
local fuselage pressure,  N/m2 
local pressure,  N/m2 
primary-nozzle- jet total pressure, N/m2 
secondary - cooling-air total pressure, N/m2 
free-stream static pressure,  N/m2 
free-stream dynamic pressure, N/m2 
3 
RP 
RS 
r 
S 
T f 
Th 
TS 
Ttc 
Tt,P 
Tt,s 
TV 
Q 
Y 
'dl 
6du 
6h 
A 
gas constant (primary-nozzle jet), 376.7 N-m/kg-K 
gas constant (secondary cooling air), 287.3 N-m/kg-K 
radius, meters 
wing (reference) area, 0.4125 meter2 
local fuselage temperature, kelvins 
local horizontal-tail temperature, kelvins 
local skeg and tail-hook temperature, kelvins 
local TCU temperature, kelvins 
primary-nozzle- jet total temperature, kelvins 
secondary-cooling-air total temperature, kelvins 
local vertical-tail temperature, kelvins 
free - stream stati c temperature, kelvins 
angle of attack, degrees 
ratio of specific heats 
blocker-door position of TCU, percent blockage 
lower-deflector-door angle of TCU, degrees 
upper-deflector-door angle of TCU, degrees 
horizontal-tail deflection angle, degrees 
sweep angle, degrees 
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Subscripts : 
F forward-thrust mode 
R reverse- thrust mode 
Abbreviations 
A/B 
NPR 
TCU 
afterburning 
nominal primary-nozzle- jet total-pressure ratio 
thrust control unit 
APPARATUS AND METHODS 
Wind Tunnel 
The Langley 16-foot transonic tunnel is a single-return atmospheric wind tunnel 
with an octagonal slotted-throat test section and continuous air exchange. The tunnel has 
a continuously variable speed range from Mach 0.20 to 1.30. A description of the 16-foot 
transonic tunnel is given i n  references 14 and 15. 
Model and Support System 
The test model was  a 1/7.5-scale model of a single-engine fighter airplane. Except 
where noted, the model w a s  in  a clean configuration; that is, wing-flap and slat deflection 
angles were Oo, horizontal-tail deflection angle was  -1.5O, and rudder deflection angle 
was  00. For a Mach number of 0.23, a landing-approach configuration was simulated, 
where wing-flap and slat deflection angles were -300 and -20°, respectively, horizontal- 
tail deflection angle was -loo, and rudder deflection angle was Oo. Figure 1 shows the 
basic unmodified airplane configuration installed in  the Langley 16-foot transonic tunnel. 
Corresponding views of the model modified with a retrofit thrust control unit (TCU) a r e  
presented in figure 2. 
The model was wing-tip supported by a bifurcated sting-support system as shown 
in  figure 3. Geometric characteristics of the model are also given in the figure. The 
wing formed an integral part  of the support system and provided a fixture for the six- 
component balance. The fuselage was mounted on the balance so that all fuselage-tail 
and thrust-drag forces could be measured. Since the wing was part  of the support system, 
wing forces were not measured. 
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Except for a fiber glass nose section, the model was constructed principally of 
steel and was powered by a hydrogen peroxide turbojet-engine simulator, similar to that 
described in references 16 and 17. Two engine simulators, one representing a conver- 
gent nozzle at the military-power setting and the other representing a convergent nozzle 
at the afterburning-power setting, were used to produce a hot jet exhaust with physical 
characteristics closely matching the exhaust of a turbojet engine. 
The jet-engine simulator was enveloped by a secondary-cooling-air ejector. 
Metered air, simulating secondary cooling air, was supplied through high-pressure air 
lines inside the right wing. (See fig. 3.) Two afterbody-ejector configurations were used 
in the investigation: one was the basic airplane configuration, and the second was the air- 
plane modified to incorporate an in-flight TCU. (See fig. 4.) 
The in-flight TCU used in this investigation was a shrouded blocker-door type com- 
bined with a tert iary-air  ejector and was fitted aft of the convergent nozzle. The tertiary- 
air inlets also serve as reverse-thrust exhaust ports. Three external deflection doors in 
a Y-orientation were utilized to vary the exhaust-port area from that required for the 
optimum thrust-minus-drag performance in the forward-thrust mode to the larger port 
area required for exhaust during the reverse-thrust mode. (See figs. 4 and 5.) Six sets 
of fixed brackets were utilized to provide deflector-door angular positions of (1) fully 
closed (however, a small clearance exists on either side of the deflector doors); (2) faired 
(6du = 2 O ,  6dl = 2'); (3) 6du = 28.5O, 6d l  = 60'; (4) 6du = 32.5', 6d1 = 52.5'; 
(5) 6du = 43.5', 6dl = 43.5'; and (6) 6du = 60°, 6dl = 60'. &X Sets O f  exhaust-gas 
blocker doors were used to represent six blocker-door positions simulating a deployment 
sequence from fully stowed to fully deployed. (See fig. 6.) 
Thrust-Reverser Operating Procedure 
The in-flight thrust-control system has been designed to operate in the following 
manner: During forward-thrust operation, deflector doors located on the ejector can be 
set in the closed, faired, o r  open position. The open deflector-door setting provides 
three tertiary-air inlets intended to improve low-speed thrust-minus-drag performance. 
In the modulating and reverse-thrust mode, the three deflector doors on the side of the 
ejector shroud open outwardly to provide forward-facing outlets for the exhaust gases. 
A set of three blocker doors then intrude into the exhaust stream behind the nozzle to 
block and turn the flow forward and out of the deflector-door ports. 
Instrumentation 
A six-component strain-gage balance was used to measure forces and moments on 
the fuselage and tail of the model. (See fig. 3.) As explained in the previous section, 
forces and moments on the wing were not measured. 
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Pressure transducers were used to measure primary-nozzle- jet total pressure, 
secondary-cooling-air static and total pressure, TCU base pressures and fuselage- 
afterbody static pressures in front of a deflector-door opening. (See figs. 4 and 7.) 
Thermocouples were used to measure primary-nozzle-jet total temperature, 
secondary-cooling-air total temperature, and internal-skin temperature at the exit. In 
addition, thermocouples were used to survey skin temperatures on the horizontal and 
vertical tails and on the fuselage forward of a reverse-thrust exhaust port. (See figs. 4 
and 7.) 
The angle of attack of the fuselage w a s  measured by a calibrated attitude indicator 
mounted in.the canopy. Two electronic turbine flowmeters were used to measure the 
mass-flow rate of hydrogen peroxide to the primary nozzle and the average value was 
used. A calibrated venturi was used to measure the secondary-cooling-air flow rate. 
Tests 
Tests were conducted in the Langley 16-foot transonic tunnel at Mach numbers from 
0 to 1.30 with the angle of attack varied from approximately -3O to 12'. 
nozzle- jet total-pressure ratio was varied from 1.0 (jet off) to approximately 5, depending 
on Mach number. Secondary-cooling-air mass-flow rate remained constant during varia- 
tions of the primary total-pressure ratio but was changed with Mach number from approx- 
imately 0.054 kg/sec to 0.099 kg/sec. 
The primary- 
RESULTS AND DISCUSSION 
The performance of an in-flight thrust control unit (TCU) is evaluated by deter- 
mining: (1) the transonic and supersonic drag penalty o r  thrust reduction incurred; 
(2) the efficiency of the reverse thrust; and (3) any adverse effect on engine character- 
ist ics by the addition of the TCU. Data obtained for each of these factors a r e  discussed 
in the following sections. 
Jet-Off Fuselage-Tail Drag 
The variation of jet-off fuselage-tail drag coefficient for various configurations at 
zero angle of attack is presented in figure 8. The drag coefficient also includes the base 
(ejector annulus) drag, which was not removed for this presentation. A drag level has 
been shown at Mach numbers from 1.0 to 1.2 only to show the anticipated drag character- 
ist ics through this range. Two in-flight TCU configurations (6du = 661 = Faired and 
6du = 6 d  = Closed) a r e  compared with the basic model for both military and afterburning 
power. For each configuration, the faired line represents results obtained with the basic 
configuration. The agreement of data obtained with the TCU configurations with the faired 
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line indicates that installation of the TCU did not result in any significant drag penalty. 
However, no consideration has been made for an increase in  t r im drag as a result of a 
shift in airplane center of gravity due to the weight addition of the TCU. 
The variation of jet-off, fuselage-tail drag coefficient for various TCU configura- 
tions at zero angle of attack and military power is presented in  figure 9. For all config- 
urations, the blocker door is deployed 100 percent; for figure 9(c), data for 6b = 0 per- 
cent are included which indicate that for jet-off conditions the fuselage-tail drag is not 
appreciably changed with blocker-door position. A summary of figures 8 and 9, shown 
in figure 10, indicates a general increase in  drag with deployment of the three deflector 
doors with the highest drag (approximately 12 5-percent increase subsonically) attributed 
to the deflector-door angular setting of 6du = 60°, 6d1 = 60°. These data exhibit the 
deflector-door-drag contribution to the reverse-thrust efficiency of the TCU. 
Jet Operating Performance 
with Mach ,P/P-. The variation of the estimated engine-operating pressure ratio pt 
number for a typical turbojet engine is presented in figure 11. For discussion purposes, 
comparisons between the various configurations will generally be made at these operating 
pressure ratios. 
Static forward-thrust performance.- Figure 12 is a comparison of the static 
forward-thrust coefficient F pas for the basic configuration with those of the in-flight 
TCU configuration at several pressure ratios and two engine-power settings. The ideal 
isentropic thrust coefficient Fi pas is also included in this figure. Figure 13 is a com- 
parison of the static thrust ratios F/Fi of the basic and the TCU configurations. At the 
scheduled engine-operating pressure ratio for static take-off conditions, the TCU config- 
uration with the deflector doors in the open position 6du = 32.5O, 6 a  = 52.50, 6b = o per- 
cent shows a 4-percent increase in performance over the basic configuration for military 
power and a 1.3-percent loss in performance for afterburning power 6du = 43.5O, 
6dl = 43.5O, 6b = 0 percent). The TCU configuration with the deflector doors in the 
faired position reveals a 3.5- to 4-percent loss in  performance compared with the basic 
configuration for both power settings. The increase in performance at military power 
for the TCU configuration with the deflector doors open is probably due to the fact that 
the open deflector doors allow tertiary air to flow into the ejector similar to a blow-in- 
door ejector. The tertiary air enters aft of the secondary-cooling-air ejector annulus 
counteracting jet aspiration of the annulus region between the jet plume and the TCU 
shroud. This tertiary flow prevents overexpansion of the jet and produces thrust aug- 
mentation. Thrust augmentation of this type can be obtained at static conditions and at low 
forward speeds because of lowered pressures on the forward-facing surfaces of the deflec- 
tor doors which act in part  as a bellmouthed thrust augmenter. (See ref. 18.) For after- 
I 
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burning power, combined primary-nozzle and secondary-cooling-air flows fill the TCU 
shroud inducing little or no tert iary air and consequently producing little thrust augmenta- 
tion. The loss in  performance encountered by the TCU configuration with the deflector 
doors in the faired position could be attributed to the jet exhaust aspirating the larger TCU 
annular region between the jet plume to the TCU shroud with only a small  amount of terti- 
ary air entering the ejector. 
__-- Thrust-minus-drag coefficient. - The variation of thrust-minus-drag coefficient with 
primary-nozzle-jet total-pressure ratio for the military-power nozzle at several angles 
of attack and Mach numbers is given i n  figure 14. The same variation is shown i n  fig- 
ure  15 for the afterburning-power nozzle at 00 angle of attack. These figures present 
the fundamental data for the basic and several TCU configurations. 
Effect of deflector-door setting on forward-thrust performance.- Figure 16 gives a 
comparison of the thrust-minus-drag coefficient for the basic configuration with those of 
the TCU configurations at several Mach numbers for  both power settings. Generally, the 
thrust-minus-drag coefficient is more adversely affected by the TCU modification when 
operating at military power except at low subsonic Mach numbers. Figure 17 presents a 
summary of these data in the form of a comparison between the basic and TCU forward 
thrust-minus-drag performance. For afterburning power at low Mach numbers, a loss 
in performance of up to about 4 percent was  contributed by the TCU configuration with 
deflector doors open. Above a Mach number of 0.60, equivalent performance is indicated 
for all TCU configurations. For military power, improved performance (a maximum of 
about 4 percent) is indicated up to a Mach number of 0.29 for the TCU configuration with 
deflector doors open (6du = 32.5O, 6dl = 52.5O). Above a Mach number of 0.29, the open 
deflector doors act as speed brakes and contribute drag which increases rapidly with 
Mach number. With the deflector doors closed, a large loss in performance (up to 8 per- 
cent subsonically decreasing to 0 percent at M = 1.30) is indicated. With the deflector 
doors faired, the performance of the TCU configuration is less detrimental than that of the 
other configurations above a Mach number of 0.29 with the loss of performance of about 
3 percent diminishing with increased Mach number until performance equal to that of the 
basic configuration is achieved at supersonic speeds. At military power, an operation 
technique may be to keep the deflector doors deployed in the open position until a Mach 
number of 0.29 is reached and then change to the faired position for higher speeds. 
___._ __ ._ - - - _ _ - _ _ _ - - ~  
Effect of deflector-door - _ _ _  ___ setting on - - reverse-thrust _ _ - - -  performance. - A comparison of 
the effect of deflector-door angular settings on reverse-thrust performance for several 
Mach numbers is presented in  figure 18. This figure indicates that reverse-thrust effi- 
ciency is lower for the equal deflector-door angular settings (6du = 6a = 43.5' or 60°) 
than for the asymmetrical settings with the largest decrease occurring with the maximum 
deflector-door opening (6du = 6dl = 600). This trend is opposite to the results presented 
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earlier in  the jet-off drag comparisons (see fig. lo),  where the most effective speed 
brakes were shown to be the TCU with the maximum and equal deflector-door openings. 
These data indicate, as expected, that the reverse-thrust vectors have a greater influence 
on performance than the speed brakes. Based on these data and stability considerations, 
the deflector-door angular setting of bdu = 32.5O and 6d l=  52.5O appears to be one of 
the best door-setting combinations tested and was therefore selected for use in the study 
of blocker -door deployment. 
Effect of blocker-door position on reverse-thrust performance.- Reverse and 
modulated thrust performance are presented in figures 19 to 2 1  for the TCU configuration 
with the upper deflector doors set at 32.5O and the lower doors at 52.5O. Figure 19 pre- 
sents the variation of static-thrust coefficient with primary-nozzle- jet total-pressure 
ratio and blocker-door position. Static-thrust modulation appears to be nearly linear 
with pressure ratio. Both blocker-door closures of 90 and 100 percent indicate a reverse- 
thrust coefficient. The variation of thrust-minus-drag coefficient with primary-nozzle- 
jet total-pressure ratio and blocker-door position for several Mach numbers is shown in 
figure 20. With external, free-stream airflow, the effect of primary total-pressure ratio 
on forward thrust becomes nonlinear at some conditions with blocker-door closure espe- 
cially at M = 0.60 and 6b = 50 percent. (See fig. 20(c).) 
Static-thrust-modulation performance as a function of blocker-door setting at the 
estimated engine-operating pressure ratio is given in  figure 21(a). Zero static thrust 
occurs at a blocker-door closure of 6b = 82 percent with a maximum static reverse 
thrust of 52 percent of the forward thrust attained at 100-percent blocker-door closure. 
Thrust-modulation performance for the landing-approach configuration (flaps and slats 
deployed) at M = 0.23 is given in figure 21(b). These data show that zero thrust-minus- 
drag occurs at a blocker-door setting of about 77 percent or  a decrease of about 5 percent 
from the static condition. This zero point would shift for the full-scale condition since 
the aerodynamic forces on the wing and ram or  induced drag resulting from taking inlet 
airflow on board was not measured and, therefore, has not been considered in this inves- 
tigation. It should be noted that in figures 21(a) and 21(b), the forward-thrust term in the 
denominator has the deflection doors at the selected open position (6du = 32.50, 
6 d  = 52.5O) since figure 17 shows that the highest performance with the blocker doors 
stowed was achieved at this condition. A similar plot of thrust-modulation performance 
as a function of blocker-door position at the estimated engine-operating'pressure ratio 
for Mach numbers from 0.34 to 1.30 is given in figure 2l(c); however, the forward-thrust 
term in the denominator of the performance ratio, (' F-O)),/('( F 
with the deflector doors in the faired position. The zero thrust-minus-drag point con- 
tinues to occur at lower values of 6b with increased Mach number; this continued occur- 
rence is attributed to an increase in fuselage-tail drag at higher speeds. At a Mach num- 
was Obtained 
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ber of 1.30, zero thrust-minus-drag occurs at 56-percent blocker-door closure or about 
26 percent lower than static conditions. At any Mach number under combat conditions, 
deplofing the blocker and deflector doors would result in  a considerable reduction in air- 
speed and would provide greater 'maneuverability. 
TCU Effect on Engine Characteristics 
Primary-nozzle-jet mass flow.- The ratio of the primary-nozzle-jet mass flow 
for various TCU configurations to that for the basic configuration is presented i n  fig- 
ures 22 and 23 for forward-thrust conditidns and for full-reverse thrust  6b = 100 percent 
in figure 24. This ratio is a measure of the effect of the TCU on steady-state engine per- 
formance. E the magnitude of the ratio kp,TCU,/&p,bzic is not unity, then engine 
controls will be forced to change operating conditions to accommodate the change in  such 
a manner that for ratios greater than unity, the primary-nozzle-jet total pressure for the 
TCU configurations wi l l  be less than that for the basic configuration, and vice versa. For 
the TCU operating i n  the forward-thrust mode at military power, deflector-door operation 
tends to reduce the primary flow slightly. (See fig. 22.) With the deflector doors closed, 
an increase in  primary mass flow of about 1 percent is noted for the Mach number range; 
however, with the doors deflected to 6du = 32.5O and 6 a  = 52.5', a 3-percent maximum 
flow reduction at M = 0.34 is indicated at the estimated engine-operating pressure ratio. 
For afterburning power, the primary mass flow for the TCU configurations is increased 
from that of the basic configuration by as much as 1 percent at the estimated engine- 
operating pressure ratio, depending on deflector-door setting. Again deployment of the 
deflector doors slightly reduces primary mass flow. (See fig. 23.) In the reverse-thrust 
mode (6b = 100 percent ,  the primary flow for the TCU configurations is increased from 
that of the basic configuration by as much as 1 percent for the three deflector-door 
settings. Since these effects are small  and the time spent in  reverse  thrust  limited, the 
effect of the TCU on primary flow rate is probably satisfactory. 
j 
Ejector pumping characteristics.- The ejector pumping characteristics of various 
configurations for several  Mach numbers at Oo angle of attack are given in  figure 25 for 
military power and i n  figure 26 for afterburning power. For  all configurations, the ratio 
of secondary-cooling-air mass flow to primary-nozzle-jet mass flow (entrainment ratio) 
was kept constant for a given estimated engine-operating pressure ratio and Mach number 
r I \ 
= 0.036 for all RsTt,s 
p, mp p t,P 
example, at M = 0.35 and 1 P t p  = 2.35, 2i  
a; shown in figure 27. With the TCU in  the stowed position (6du = 6 a  = Faired), a slight 
increase is indicated in  secondary flow rate at military power (fig. 25) with essentially 
no change at afterburning power (fig. 26). However, for the reverse-thrust mode, the 
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secondary flow for the TCU configuration is slightly degraded compared with that for the 
basic configuration. Increased secondary flow is indicated by achieving the same entrain- 
ment ratio & mp RsTt,s RpTt,p at a lower secondary-cooling-air total-pressure ratio 
S I  
. The increase in the secondary flow rate for the TCU in the forward-thrust 
mode is small and probably within the accuracy of measurement; however, operation in  
reverse  thrust indicates a restriction in  secondary flow which could cause concern for 
full-scale installation. For example, for the TCU configuration with 6du = 32.50 and 
6d1 = 52.5O in the reverse-thrust mode, 
configuration, 
ratio indicates a restriction in  secondary airflow and could create an increase in local 
aft - end temperatures. 
("t , SPt ,P) 
= 0.52 at M = 0.60; and for the basic 
= 0.38 at M = 0.60. This increase in secondary total-pressure 
Pt, s/Pt ,P 
Pt  ,S/Pt ,P 
Secondary- cooling-air total temperatures. _ _ . _ _  - A comparison of secondary-cooling-air 
total temperatures for forward- and reverse-thrust operation is given in  figure 28. The 
data indicate a general increase in  the temperature of secondary cooling air with primary- 
nozzle-jet total-pressure ratio; this increase is because the heat efflux from the primary 
tailpipe is greater than that which the conductive mass flow of secondary air can remove. 
In the reverse-thrust mode, the secondary-air temperature is lower than that in the 
forward-thrust mode; this lower temperature indicates that reverse  thrust has a benefi- 
cial effect on secondary-air temperatures at the lower pressure ratios; however, with an 
increase in the primary total-pressure ratio, a more rapid increase is shown in the 
secondary-air temperature which would probably exceed that in the forward-thrust mode 
as the hot reverse-exhaust gas is forced back into the secondary-air passage in reverse- 
thrust mode. 
TCU Effect on External-Surface Temperatures 
Fuselage temperatures.- The variation of local fuselage temperatures with primary- 
nozzle-jet total-pressure ratio for various blocker-door positions is presented for sev- 
eral  Mach numbers for the selected TCU configuration 6du = 32.5O, 6dl = 52.5O) in fig- 
ure 29, with the exception of figure 29(a) which gives data for the TCU configuration with 
the deflector doors faired. The local fuselage temperatures Tf 1 and Tf,2) forward of 
the reverse ports generally show an increase with primary total-pressure ratio for most 
Mach numbers. These data indicate that the fuselage skin could be subjected to tempera- 
tures of approximately 70-percent primary-nozzle-jet total temperatures. (See fig. 29(c), 
M = 0.60, a = 6O.) 
angle of attack for the greater blocker-door deployments. These data indicate that angle 
of attack had little effect on the level of temperature; however, the general trend was a 
( 
L 
Figure 30 presents the variation of local fuselage temperature with 
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slight reduction in temperature with angle of attack. Figure 31  displays the variation of 
local fuselage temperatures with blocker-door position. This figure indicates that a 
rapid temperature increase occurs for the blocker-door closures above 50 percent with 
the maximum local fuselage temperatures occurring at approximately 90-percent blocker- 
door closure and then decreasing at the 100-percent full-reverse-thrust condition. 
Tail and tail-hook temperatures.- Local temperature variations on the skeg, tail 
hook, and horizontal- and vertical-tail surfaces for the landing-approach configuration 
with reverse-thrust modulation are given in  figure 32. A maximum increase in the skeg 
and tail-hook temperatures, similar to the increase in fuselage temperatures, occurs at 
90-percent blocker-door closure. Both the horizontal and vertical tails encountered an 
increase in  temperature near their base regions with blocker-door position. These data 
indicate that the surfaces at the base of the tails may require shielding from the exhaust 
gases, especially for full-scale hot-day operation. In addition, it should be noted that tail 
deflection may cause even higher temperatures in  the base region of the tails during 
reverse-thrust operation, especially on the rudder of the vertical tail where temperatures 
we:re not obtained in  this investigation. 
TCU Effect on Cooling- Film and Inner-Skin Temperatures 
Figure 33 presents the variation of TCU cooling-film temperature (air temperatures 
near the shroud wall) and inner-skin temperature with primary-nozzle-jet total-pressure 
ratio for various configurations at several Mach numbers. These data indicate that a 
temperature gradient exists around the TCU shroud circumference. During the forward- 
thrust mode (figs. 33(a) and 33(b)), tertiary air, introduced with the deflector doors faired 
and open, cools the shroud only in the vicinity of the deflector doors. Generally, tertiary 
air creates a significant difference in  shroud temperature with the area directly behind 
the tertiary-air inlets being cooler than that in the region between the inlets. The oppo- 
site trend is shown for the reverse-thrust mode (fig. 33(c)) with the region behind the 
reverse-thrust exhaust ports (the same as the tertiary-air inlets except with 
6b = 100 percent) being hotter than the region between the ports. At this condition, the 
wall (skin) temperature increases to approximately 50 percent of that of the primary- 
nozzle exhaust gas. This increase is probably a result of heat conducted through the TCU 
shroud from the exhaust ports and the hot exhaust gas from the reverse-thrust flowing 
around the shroud into the low-pressure TCU base cavity. 
TCU Effect on External Aft-End Pressures  
Fuselage pressures. - Figure 34 shows the variation of fuselage pressure coefficient 
with primary-nozzle-jet total-pressure ratio for several  TCU configurations. For the 
TCU configuration with deflector doors faired and blocker doors stowed for military power 
(fig. 34(a)), the flow along the fuselage is accelerated as it enters the deflector door with 
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an increase in primary total-pressure ratio. This acceleration is observed up to a pres- 
sure  ratio of about 3, after which the flow begins to decelerate. This trend is common 
up to M = 0.90, but at M = 1.30 the variation of primary total-pressure ratio had little 
effect on the pressure field ahead of the deflector door. At the jet-off condition 
(pt,p/pm = 1.0 , a pressure recovery is indicated as the air flows downstream on the 
fuselage toward the deflector door. For afterburning power, the jet effects are not as 
pronounced as those for military power with the variation of Mach number having a larger 
effect. This Mach number effect is probably because the primary-nozzle flow prevents 
tertiary air from entering the ejector above M = 0.35, which results in undisturbed 
external flow over the deflector doors and fuselage. (See fig. 34(b).) This same effect 
is observed with the deflector doors in the closed position. 
With the deflector doors deployed in the selected open position 6du = 32.5O, 6d1 = 52.5O) 
and for forward thrust, similar results a r e  obtained as for the faired deflector-door con- 
figuration. (See fig. 34(e).) For full reverse thrust with the deflector doors set at the 
selected open position for military power (fig. 34(f)), no consistent pattern for the external 
pressures is indicated, with increased primary total-pressure ratio causing mixed reac- 
tion on the fuselage pressures. 
) 
(See figs. 34(c) and 34(d).) 
( 
TCU base pressures.- The variation in TCU base pressure coefficient with primary- 
~- 
nozzle-jet total-pressure ratio is given in figure 35. The base pressure field is signifi- 
cantly affected with increased primary total pressure in the full-reverse-thrust mode, 
and at all Mach numbers the base pressures a r e  reduced by jet operation. This reduced 
base pressure may account for the higher temperatures observed in the TCU during full 
reverse thrust in the same plane of the exhaust ports. The low base pressure causes 
recirculation of the exhaust into the base causing that section to have somewhat higher 
temperatures. 
C ONC LUSIONS 
A wind-tunnel investigation has been conducted in the Langley 16-foot transonic 
tunnel on a thrust control unit (TCU) with blocker and deflector doors retrofitted to a 
single-engine fighter model. The investigation was conducted statically and through the 
0.23 to 1.30 Mach number range at angles of attack from -30 to 12'. The primary-nozzle- 
jet total-pressure ratio was varied from 1.0 (jet off) to approximately 5. 
The results of the investigation indicate the following: 
1. The drag penalty attributed to the TCU modification in the stowed position was 
small. 
2. With the TCU modification, forward take-off thrust performance can be increased 
by 4 percent for military power with the upper deflector doors set  at 32.5O and the lower 
14 
door set  at 52.5O with O-percent blocker-door closure but is reduced by 1.3 percent for 
afterburning power with the upper and lower deflector doors set at 43.5O with O-percent 
blocker-door closure. 
3. The highest reverse-thrust performance was achieved with deflector-door angular 
4. With deflector-door angular positions of 32.5O for the upper doors and 52.5' for 
the lower door and with 100-percent blocker-door closure, a maximum reverse thrust of 
52 percent of forward thrust was achieved-under static conditions, and reverse-thrust 
performance increased with increasing Mach number. 
positions of 32.5O for the upper doors and 52.5O for the lower door. 
5. Engine-operation characteristics should be only slightly degraded during reverse- 
thrust operation, but secondary cooling air during reverse-thrust operation may have to 
be supplemented. 
6. Maximum local temperatures (70 percent of primary-nozzle-jet total tempera- 
ture) appear to occur at 90-percent blocker-door closure for the selected TCU configura- 
tion (upper deflector doors set at 32.5O and lower door set at 52.5O). 
Langley Research Center, 
National Aeronautics and Space Administration, 
Hampton, Va., August 12, 1971. 
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L-69-6345 
(a) Side view of model with basic afterbody. 
Fi 
18 
L- 7 1-684 
(c) Aft-end view of basic-zfterbody nozzle arrangement. 
Figure 1. - Concluded. 
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L-69-6920 
(a) Approach configuration with thrust control unit deployed. 
L-71-685 
(b) Stowed configuration (6du = 6a = Closed) of thrust  control unit. 
Figure 2.- Retrofit thrust  control unit mounted on a single-engine fighter model 
installed in the Langley 16-foot transonic tuzmel. 
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L-71-686 
(e) Aft-end view of nozzle arrangement of stowgd thrust control unit. 
L-69-6398 
(d) Deployed configuration of thrust control unit; 6b = 100%; 6du = 32.5O; 
6 d  = 52.50. 
Figure 2.- Continued. 
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L-71-688 
Landing-approach configuration with thrust control unit and tail hook deploy 
Figure 2. - Concluded. 
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I 
Figure 3 . -  Schematic of modified model with retrofit thrust control unit and 
bifurcated sting support. All dimensions are in  centimeters unless other- 
wise noted. 
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Secondary-cooling-air 
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tlTi TDeflector door 
Deflector door 
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Closed position]] I ,+!I. 182.92 
Reverse-thrust and take-off 
position 
(a) Modified afterbody and ejector with thrust control unit (TCU). 
Secondary-cooling-air 
(b) Reference afterbody and ejector (basic). 
Figure 4.- Schematic showing basic afterbody and modified afterbody with retrofit thrust control unit. 
Exit sta. 169.69-Military power Tri-clamshell blocker doors (shown 
170.01 -A/? power r 100% closed) 
“Lower deflector dc 
(See detail 
-J Deflected exhaust I 
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3or deployed 
B) 
gbL.081 r leading edge 
ki 
A = 5.31 cm -Upper deflector door 
6 =5.89 cm -Lower deflector door 
Detail 6-Deflector-door details Detail A-Typical clamshell geometry 
Figure 5.- Schematic of aft fuselage cutaway showing tri-clamshell in 
100-percent-closed position. 6b = 100%. 
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Sb'90% 
8, = 25% 
Figure 6.- Blocker-door configurations of thrust control unit, 
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Figure 7. - Schematic showing static-pressure-orifice and 
thermocouple locations on fuselage. 
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Figure 8.- Variation of jet-off fuselage-tail drag coefficient for various configurations at zero 
angle of attack. (Faired line represents basic configuration.) 
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Figure 9.- Variation of jet-off, fuselage-tail drag coefficient for various TCU configurations at zero 
angle of attack and military power. 
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Figure 9.- Continued. 
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Figure 9.- Continued. 
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Figure 10.- Comparison of jet-off, fuselage-tail drag coefficient for various TCU configurations 
at zero angle of attack and military power. 
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Figure 11. - Estimated engine-operating pressure-ratio schedule with Mach number 
for a turbojet engine for military and afterburning power. 
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.gure 12.- A comparison of static forward-thrust coefficient for the TCU 
configuration and the basic configuration at several primary-nozzle- 
jet total -pr es sure  ratios. 
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Figure 13.- Comparison of static thrust ratios of the basic and TCU configurations. 
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Figure 14.- Variation of thrust-minus-drag coefficient with primary-nozzle-jet 
total-pressure ratio for several  angles of attack with military power. 
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(d) TCU; 6du = 32.5'; 6 d  = 52.5'; 6b = 0%. 
Figure 14.- Continued. 
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(a) Basic. 
Figure 15. - Variation of thrust-minus-drag coefficient with primary-nozzle-jet total- 
pressure ratio for zero angle of attack and with afterburning power. 
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Figure 15.- Continued. 
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Figure 15.- Continued. 
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Figure 15.- Concluded. 
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Figure 16.- A comparison of the thrust-minus-drag coefficient for the basic configuration 
with that for the TCU configuration in  the forward-thrust mode. 6b = 0%; a = 0'.
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Figure 16. - Continued. 
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Figure 16. - Continued. 
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Figure 17.- Comparison of the ratio of thrust-minus-drag coefficient for the TCU 
configurations to that for the basic configuration at the estimated engine- 
operating pressure-ratio schedule. a! = Oo. 
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Figure 18.- A comparison of the effect of deflector-door angular settings on reverse- 
thrust performance. CY = 00; 6b = 100%; military power. 
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Figure 19.- Variation of static-thrust coefficient with primary-nozzle-jet total- 
pressure ratio and blocker-door position. 6du = 32.5O; 6dl = 52.5O. 
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Figure 20.- Variation of thrust-minus-drag coefficient with pressure ratio and 
blocker-door position for several Mach numbers. 
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Figure 20.- Continued. 
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Figure 21.- Thrust-modulation performance as a function of blocker-door position for the selected TCU at the 
estimated engine-operating pressure ratio and military power. 
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Figure 22.- Ratio of TCU primary-nozzle flow to basic primary-nozzle flow for military 
power in  the forward-thrust mode. 
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Figure 23.- Ratio of TCU primary-nozzle flow to basic primary-nozzle flow for 
afterburning power in the forward- thrust mode. 
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Figure 24.- Ratio of TCU primary-nozzle flow to primary-nozzle flow basic for military 
power in the full-reverse-thrust mode. 
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Figure 25.- Ejector pumping characteristics of various configurations for several Mach numbers at zero 
angle of attack and military power. 
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Figure 26.- Ejector pumping characteristics of various configurations for several Mach numbers at zero 
angle of attack and afterburning power. 
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Figure 26.- Continued. 
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Figure 27.- Variation of ejector pumping characteristics with Mach number for estimated engine-operating 
pressure ratios as given in  figure 11. 
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Figure 28.- Comparison of secondary-cooling-air temperature for forward- and 
reverse-thrust operation at a = 00, 6du = 32.5O, and 6dl = 52.5O. 
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Figure 28.- Concluded. 
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Figure 29. - Variation of local fuselage temperatures with primary-nozzle- jet total- 
pressure ratio for various TCU configurations. 
84 
.4 a = O O t  _-__  _ . 
- ___ 
2.0 2.4 2.8 3.2 3.6 4.0 4.4 
1.8 2.2 2.6 3.0 3.4 1.8 2.2 2.6 3.0 3.4 
2.0 2.4 2.8 3.2 3.6 4.0 
O Tf, I 
O Tf,3 
A Tf,4 
__-_______. 
a = G O  - 
2.0 2.4 2.8 3.2 3.6 4.0 4.4 
Tf, I 
Tf,2 
Tf,3 
A Tf,4 
.4 
.3 
.2 
. I  
0 
1.8 2.2 2.6 3.0 3.4 3.8 4 2  -.I 
.3 
.2 
. I  
0 
- * I  
2.8 3.2 3.6 4.0 4.4- 4.8 5.2 
M = 0.90 
1.8 2.2 2.6 3.0 3.4 3.8 4.2 
M=1.30 
2.8 3.2 3.6 4.0 4.4 4.8 5.2 
Pi, P/Pa 
(b) Concluded. 
Figure 29. - Continued. 
1 
I 
I 
I 
I 
I 
1.8 2.2 2.6 3.0 3.4 3.8 4.2 
2.8 3.2 3.6 4.d- 4.4 4.8 5.2 
86 
O T'f,I 
Tf,2 
. I  
0 
1.4 1.8 2.2 2.6 3.0 3.4 
M = 0.34 
_ - .. . . ...+- 
..A __ 
1.4 1.8 2.2 2.6 3.0 3.4 
Figure 29.- Continued. 
.8 
.7 
.6 
.5 
O Tf, I 
Tf.2 
O Tf,3 
A Tf,4 
M = 0.60 
1.8 2.2 2.6 3.0 3.4 3.8 4.2 
-__ .L - 
(c )  Continued. 
Figure 29.- Continued. 
O Tf,l 
Tf,2 
O Tf,3 
A Tf ,4 
1.8 2.2 2.6 3,O 3.4 3.8 4.2 4.6 
Pt, P/pa 
(c) Continued. 
Figure 29.- Continued. 
a-6' 
1.8 2.2 2.6 3.0 3.4 3.8 4.2 
03 
W 
ED 
0 
.7 
.6 
.5 
.4 
.3 
.2 
. I  
O Tf,I 
Tf,2 
O Tf,3 
A Tf,4 
. I  
2.8 3.2 3.6 4.0 4.4 4.8 5.2 
- 
M = 1.30 
2.8 3.2 3.6 4.0 4.4 4.8 
Pt, P/p* 
2.8 3.2 3.6 4.0 4.4 4.8 5.2 
(c) Concluded. 
Figure 29.- Continued. 
Tf,3 
.2  
. I  
n 
W 
1.8 2.2 2.6 3.0 
M = 0.34 
1.8 2.2 2.6 3.0 
Pf, P /pa  
(d) 6du = 32.5'; 6a = 52.5'; 6b = 75%. 
Figure 29.- Continued. 
1.8 2.2 2.6 3.0 
Tf -Too 
T - T  
t,P UJ 
O Tf,2 
Tf,3 
Tf,4 
M = 0.60 
.6 
.5 
.4 
.3  
t.2 
.. . . . . . . . . . . . . . . . . .  . I  . . . .  .. . . 
I .8 2.2 2.6 3.0 3.4 
Pt ,  P / b  
(d) Continued. 
Figure 29.- Continued. 
I .8 2.2 2.6 3 .O 3.4 
O T  
f, 2 
.6 
.5 
.4 
.3 
.2 
. I  
'1.8 2.2 
M = 0.90 
a=go 
2.6 3.0 3.4 3.8 4.2 1.8 2.2 2.6 3.0 
Pt, P/pa 
(d) Continued. 
Figure 29. - Continued. 
1 ~ 
I 
1 
I 
I 
! 
i 
1 
1 
i 
I 
3.4 3.8 4.2 
93 
.8 
M = 1.30 
3.0 3.4 3.8 4.2 4.6 5.0 5.4 
(d) Concluded. 
Figure 29.- Continued. 
Tf,2 
Tf,3 
0 Tf,4 
.2 
.I 
0, 
1.6 2.0 2.4 2.8 3.2 
-- - 
I--&&--- - .. 
_. I 
1.6 2.0 2.4 2.8 3.2 
Pt, P / p a  
=e- -..-- 
1.6 2.0 2.4 2.8 3.2 
Figure 29.- Continued. 
.8 
O Tf,2 
Tfl3 
a=3O 
c.ci 
.7 
.6 
.5 
M = 0.60 
1.0 1.4 1.8 2.2 2.6 3.0 3.4 
Pt, P/PaJ 
( e )  Continued. 
Figure 29.- Continued. 
- -  kki i I i  i i Ci I4 
1.0 1.4 1;8 2;2 2.6 3.0 
1.8 2.2 2.6 3.0 3.4 3.8 4.2 
Pt, P/pa 
( e )  Continued. 
Figure 29.- Continued. 
1.8 2.2 2.6 3.0 3.4 3.8 4.2 
W 
07 
O Tf,2 
Tf.3 
M =  1.30 
" 
1.0 1.4 1.8 2.2 2.6 3.0 
ZqIL+HZd - 
3.0 3.4 3.8 4.2 4.6 5.0 3.0 3.4 3.8 4.2 4.6 5.0 
(e) Concluded. 
Figure 29.- Continued. 
O Tf,2 
Ti,3 
O Tf,4 
M = 0.34 
.9 
.8 
.7 
.6 
.3 
.2 
, I  
0 
a=OO 
1.8 2.2 2.6 3.0 
a =  
I .8 2.2 2.6 3.0 1.8 2.2 2.6 3.0 1.8 2.2 2.6 3.0 
(f) 6du = 32.5'; 6dl = 52.5'; 6b = 100%. 
Figure 29.- Continued. 
99 
Tt, p- Tw 
- 
1.8 2.2 2.6 3.0 3.4 
M = 0.60 
1.8 2.2 2.6 3.0 3.4 1.8 2.2 2.6 3.0 
pt, P P W  
(f) Continued. 
Figure 29.- Continued. 
7 
I ! 
i + 
! 
t 
t 
t t 
I 
t 
c 
1 
I 
i t 
L 
3.4 
100 
I 
O Tf,2 
Tf,3 
O Tf,4 
M = 0.97 
2 .o 2.4 2.8 3.2 3.6 4.0 4.4 
Pt, dPa 
(f) Concluded. 
Figure 29. - Concluded. 
10 1 
Tf -Tal M =  1.30 
N PR = 4.85 
0 2 4 6 0 IO 12 -2 0 2 4 6 
Figure 30.- Variation of local fuselage temperature with angle of attack at the maximum 
heating condition and representative primary-nozzle- jet total-pressure ratios for the 
selected deflector-door setting. 6du = 32.5'; 6dl = 52.5O. 
102 
M 0.90 
NPR -3.15 
M.1.30 
N PR = 4.85 
0 2 4 6 8 IO  12 -2 0 2 4 6 8 10 
a, deg 
(b) 6b = 90%. 
Figure 30. - Continued. 
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Figure 30. - Concluded. 
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Figure 31.- Variation of local fuselage temperatures with blocker-door position for the 
selected deflector-door setting. 6du = 32.5O; 6d1 = 52.5 0 . 
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Figure 32. - Local-temperature variations with blocker-door position for the selected TCU 
(6du = 32.5O, 6d l=  52.5O) in the landing-approach configuration. M = 0.23; 
NPR = 2.15; reverse-thrust mode. (See fig. 7 for thermocouple locations.) 
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Figure 34. - Variation of fuselage static-pressure coefficient with pressure ratio 
for several TCU configurations. Q = Oo. 
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Figure 35. - Variation of base pressure coefficient with primary-nozzle-jet total-pressure ratio. 
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(b) M = 0.90 and 1.30. 
Figure 35.- Concluded. 
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